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found at position 54 in the TC loop of tRNA of almost all organisms. In eukaryotes, archaea 

and most Gram-negative bacteria, this reaction is catalyzed by enzymes from the TrmA family 

that use S-adenosyl-L-methionine as the methyl donor [2-5]. An alternative pathway exists in 

most Gram-positive bacteria and some Gram-negative bacteria [6-8]. In this case, the 

methylation requires the 5,10-methylenetetrahydrofolate as the methylene donor and reduced 

flavin adenine dinucleotide FADH2 as a reducing agent (Fig. 1A), in vitro [9]. The gene 

responsible for this class of methyltransferases (TrmFO) has recently been identified [10]. 

TrmFO proteins from hyperthermophilic bacteria, Thermus thermophilus (Gram 

negative) and Thermotoga maritima (Gram positive), have been expressed in E. coli in their 

untagged forms and crystallized [11, 12]. The structure of T. thermophilus TrmFO was solved 

in its free, tetrahydrofolate- (Fig. 1B), and glutathione-bound forms [12]. The structure of T. 

thermophilus TrmFO shares similarity with GidA, another FAD-dependent tRNA 

modification enzyme, which participates in the incorporation of both 5-aminomethyluridine 

and 5-carboxymethylaminomethyl to the uridine base at position 34 of some tRNAs [13]. 

TrmFO consists of two domains, an FAD-binding domain (residues 1-153 and 314-436) and 

an insertion domain (residues 314-436) (Fig. 1B) [12, 14]. TrmFO holds at its N-terminus end 

a consensus dinucleotide binding motif, GXGXAGXEA, which is a portion of the Rossmann-

fold domain found in a large number of FAD proteins, such as the glutathione reductase 

family members. [15, 16]. Residues from this motif are in direct interaction with the 

pyrophosphate moiety of FAD. The characterization of several mutants of TrmFO together 

with the modeling of the complex with tRNA, gave hints about the catalytic mechanism of the 

methylation of the target uridine [12]. Yet, many questions still need to be answered, in 

particular the exact role of the flavin during catalysis. Besides, there is no available structure 

of TrmFO in complex with an RNA substrate, which would shed light on the tRNA 

recognition mode.  

We have lately been interested in TrmFO from the Gram-positive mesophilic 

bacterium Bacillus subtilis, since the first cloned TrmFO gene came from this organism. 

Sequence alignment of TrmFO proteins reveals that these proteins are highly conserved. For 

example, B. subtilis TrmFO presents 50.9 % and 49.4% sequence identity with TrmFO from 

T. thermophilus and T. maritima, respectively. In an earlier paper, the expression and 

purification of an N-terminus (His)6-tagged TrmFO from B. subtilis have been described [10] 

but the effect of the tag for protein expresion and/or activity was not studied. The N-terminus 

is located five residues upstream of the 1 sheet of the flavin domain, hence the tag is in close 

vicinity to the FAD binding motif (Fig. 1B). It may hinder the proper incorporation of the 
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FAD coenzyme and/or interfere with the binding of substrates at the nearby active site. 

Moreover, it is known that histidine tags can alter the solubility of purified proteins [17].  

In order to produce large amounts of B. subtilis TrmFO required for detailed 

biophysical characterization as well as crystallization studies, we first decided to optimize the 

expression and purification protocol previously developed for the N-terminus (His)6-tagged 

protein (Nt-TrmFO) [10, 18]. We also examined the importance of the (His)6-tag by placing it 

at the C-terminus extremity of the protein and by engineering an untagged TrmFO protein. 

Since the C-terminus lies more than 25 Å away from the active site and is solvent accessible 

(Fig. 1B), positioning the tag at this extremity should not alter the function of the protein. We 

developed a protocol for purification to homogeneity of the recombinant B. subtilis Nt-

TrmFO, Ct-TrmFO and untagged TrmFO. These three recombinant forms enable to determine 

the effect of the presence and position of the histidine tag on the production yield and function 

of the protein. 

 

Material and methods  

Gene cloning 

The TrmFO gene was amplified by PCR from B. subtilis strain 168 DNA using Pfu DNA 

polymerase (Promega) using the forward and reverse primers indicated in Table S1. In the 

case of Nt-TrmFO, the pair of primers used was SK20/SK21. The amplified gene was 

digested with BamHI and SmaI and inserted into the expression vector pQE-80L (Qiagen). 

The resulting plasmid was named pHM408 (Fig. S1A). For Ct- and untagged TrmFO, the 

pairs of primers used were SK76/SK77 and SK76/SK78, respectively. The amplified genes 

were digested with NcoI and XhoI, and inserted into the expression vector pET-28a (Novagen) 

to generate pHM440 (Ct-TrmFO; Fig. S1B) and pHM441 (untagged TrmFO; Fig. S1C).  

 

Protein expression  

The recombinant proteins were overexpressed using pQE-80L and pET-28a derivatives in E. 

coli BL21 or BL21 (DE3) pLysS strains (Invitrogen), respectively. 10 ml of overnight culture 

was used to inoculate 0.5 L of LB medium containing 100 µg/ml of ampicillin (for Nt-

TrmFO) or 50 µg/ml of kanamycin (for Ct-TrmFO and untagged TrmFO) and 100 nM of 

riboflavin in a 2.8 L Fernback flask. The cells were grown in the dark at 37°C until the OD600 

was 1 or 2, and then induced with 0.05, 0.5 or 1mM isopropyl-1-thio--D-galactopyranoside 

(IPTG).  After overnight incubation at 28°C, the cells were harvested by centrifugation at 

3,000 g for 15 min at 4 °C. The pellet was resuspended in 20 ml of 50 mM sodium phosphate 
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pH 8, 300 mM NaCl, 20 mM imidazole (Buffer A) containing 20 µl of Protein Inhibitor 

Cocktail (PIC, Sigma) and 5 mM -mercaptoethanol. The cells were lysed by sonication and 

the lysate was centrifuged at 3000 g for 40 min.  

 

Purification of Nt-TrmFO and Ct-TrmFO by immobilized metal affinity 

chromatography  

The supernatant was subsequently loaded at 4°C onto a 5 mL Ni
2+

-NTA agarose affinity 

column (Qiagen) pre-equilibrated with buffer A. After washing with 5 column volumes of 

buffer A, TrmFO was eluted with buffer A containing 250 mM of imidazole. The protein was 

then passed through a PD-10 column (Sephadex-G25 medium; GE Healthcare Inc.) pre-

equilibrated with 50 mM Tris-HCl pH 7.8, 150 mM NaCl, 10 % glycerol (v/v). Finally, 

TrmFO was concentrated to ≈ 500-800 M using a Vivaspin 20 ml centrifugal concentrator 

(10,000 MWCO PES membrane; Sartorius) and then filtered through a 0.22 m filter before 

storing at -80°C. For crystallization studies, the protein was further purified on a Superdex 

200 HR 10/30 column, as described below for the untagged protein. 

The flavin content (cofactor / enzyme ratio) of the proteins was obtained by assessing the 

concentration of free flavin released after heat treatment (3 minutes at 90°C). An extinction 

coefficient of 11.3 mM
-1

.cm
-1

 at 450 nm was used to estimate the concentration of free FAD. 

The concentration of total protein was determined by the Bradford method. 

Purification of untagged TrmFO 

All the following steps were done using an Äkta purifier system (Amersham Biosciences, GE 

Healthcare) at 4°C. 

DEAE-Sepharose anion exchange chromatography 

After lysis, the cells supernatant was loaded at 2.5 mL/min onto a HiTrap DEAE Sepharose 

column (5ml ; GE Healthcare Inc.) preequilibrated in 25 mM Tris-HCl pH 8, 10 mM NaCl 

(buffer B). The enzyme was eluted with 75 ml of a linear gradient of 0.01-1M NaCl in buffer 

B. The fractions containing the protein were pooled and concentrated to 2 ml before loading 

onto a PD-10 column equilibrated with  10 mM potassium phosphate pH 8 (buffer C). 

Heparin-Sepharose chromatography 

The sample was then loaded at 2.5 mL/min onto a HiTrap Heparin Sepharose column (5ml, 

GE healthcare Inc.) equilibrated with buffer. The protein was eluted with 75 ml of a linear 

gradient of 0-2M NaCl in buffer C.  

Size-exclusion chromatography 
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As final step of purification, the tagged or untagged TrmFO proteins were loaded at 0.5 

ml/min onto a Superdex 200 HR 10/30 column (GE healthcare Inc.) equilibrated in 50 mM 

sodium phosphate pH 8, 150 mM NaCl. Native molecular mass determination was performed 

by calibrating the column using a molecular weight standard mixture (Biorad) containing 

thyroglobulin, -globulin, ovalbumin, myoglobin and vitamin B12. 

 

Circular dichroism Spectroscopy  

The secondary protein structure was analyzed by Circular dichroism (CD) spectroscopy. Far 

UV CD spectra were recorded on a JASCO J810 spectropolarimeter (Tokyo, Japan) over the 

190 to 260 nm wavelength range in 10 mM potassium phosphate pH 8 at 20°C. Spectra were 

recorded in duplicate in a 0.4 cm pathlength quartz cuvette using a scan speed of 50 nm·min
-1

, 

a band width of 2 nm and a response time of 2 s. The percentage content of the -helical and 

-sheet structures in the proteins was estimated according to Scholtz et al [19].  

 

Methylation Activity 

The tRNA m
5
U54 methyltransferase activity of TrmFO was determined, as described 

previously [20], using an E. coli [-
32

P]UTP-labeled tRNA
Ala1

 transcript. Initially, both 

NADH and NADPH were used in the enzymatic assays, since the electron donor of FAD was 

not known (Fig. 1A) [18]. After the observation that only NADH is oxidized by TrmFO (Fig. 

S2), NADPH was not used any longer and only NADH was added in the activity assay. 50–

100 fmol of [-
32

P]-labeled tRNA
Ala1

 was incubated at 37°C in a 50 l reaction mixture 

containing 50 mM N-[2-hydroxyethyl] piperazine-N-[2-ethanesulfonic acid]-Na buffer 

(HEPES-Na, Sigma), pH 7.5, 100 mM ammonium sulfate, 0.1 mM EDTA, 0.5 mM NADH 

(reduced nicotinamide adenine dinucleotide, Sigma), 0.5 mM (6R,S)-N5,N10-CH2H4PteGlu-

Na2 (methylenetetrahydrofolate), 25 mM mercaptoethanol (Promega) and 20% glycerol. The 

reaction was started by the addition of 0.2 M of purified TrmFO.  After 30 minutes 

incubation, the tRNA product was phenol extracted and digested with nuclease P1 (Roche), 

which generates 5'-nucleoside monophosphates. The hydrolysate was analyzed by 2D thin-

layer chromatography on cellulose plates (Machery Nagel)(Fig. 5A, B). The relative amount 

of m
5
U formed per tRNA molecule was determined by measuring the radioactivity in the TLC 

spots using a PhosphorImager screen and quantification with the ImageQuant software.  

 

NAD(P)H oxidation by TrmFO under aerobic condition 
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The ability of TrmFO to oxidize NADH and/or NADPH was determined under steady state 

conditions in 100 mM HEPES pH 7.5, 100 mM ammonium acetate, 20 % glycerol. Assays 

were performed using ~ 1 M TrmFO and variable concentrations of NAD(P)H (0 - 0.5 mM). 

The amount of NAD(P)H oxidized was monitored by the absorbance decrease at 340 nm (340 

= 6.21 mM
-1

·cm
-1

)
 

using a Cary 50 (Varian, Inc) spectrophotometer. The rate versus 

NAD(P)H concentration was analyzed according to Michaelis Menten.   

 

 Results and discussion 

 Protein expression 

The expression of the Nt-TrmFO was performed using pQE-80L as the expression vector, 

whereas pET-28a was used for the expression of the Ct-TrtmFO and untagged TrmFO (Fig. 

S1). E. coli BL21 and E. coli BL21 (DE3) pLysS were used as the expression host strains with 

the pQE-80L and pET-28a vectors, respectively. The low copy cis-repressed pQE-80L vector 

allows tightly regulated N-terminus (His)6-tagged  protein expression in  any E. coli host 

strain. The vector contains, 5' to the cloning site, the strong inducible T5 promoter, which is 

recognized by E. coli RNA polymerase, under control of two lac operator sequences and, 3' to 

the cloning site, the lacI gene coding for the lac repressor. Overexpression of the lac repressor 

strongly represses protein expression prior to induction by IPTG, which displaces the 

repressor from the lac operator. Protein expression in the E. coli BL21 (DE3) pLysS/pET 

host-vector couple allows tight regulation and high level of protein expression. The host strain 

genome contains the gene for bacteriophage T7 RNA polymerase, under the control of the lac 

promoter and the lac operator, and the gene coding for the lac repressor protein. The pLysS 

plasmid in the host strain encodes T7 lysozyme, which lowers the background expression 

level of target genes under the control of the T7 promoter but does not interfere with the level 

of expression after induction by IPTG. The pET28a vector contains, 5' to the cloning site, the 

T7 promoter specific for T7 RNA polymerase and the lac operator and, 3' to the cloning site, a 

C-terminal histidine tag sequence. Transcriptions of both the T7 RNA polymerase and the 

cloned genes are activated upon addition of IPTG. To construct the expression vector for 

untagged TrmFO, a stop codon was included in the reverse oligonucleotide used in the gene 

amplification step of the cloning so that the (His)6-tag sequence of the pET28a vector was not 

fused to the C-terminus of the protein (Table S1; Fig. S1C). 

The optimization of protein expression was achieved by varying the concentration of 

IPTG  (0.05, 0.5 and 1 mM) along with the incubation time before induction (see Fig. S3 in 

the case of Ct-TrmFO). The highest amount of soluble TrmFO proteins is obtained when 
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protein expression is induced at OD600=1 with 50 µM IPTG.  After the Nickel affinity column, 

34 mg of soluble Nt-TrmFO was obtained per 500 ml of culture (Table 1A), which is tenfold 

higher than the previously reported yield [18]. The amount of soluble Ct-TrmFO obtained is 

65% that of Nt-TrmFO (Table 1A). This difference could be due to the expression vector 

rather than to the position of the tag since pET-28a was used for Ct-TrmFO instead of pQE-

80L for Nt-TrmFO. After purification, the amount of TrmFO obtained is about the same in the 

case of Ct- or untagged TrmFO, which were expressed using the same vector. Therefore, the 

presence of the histidine tag at the C-terminus has no significant effect on the production yield 

of the protein, in contrast to what is observed for other proteins [17]. 

Isolation of a spontaneous mutation in TrmFO  

During the course of this study, we noticed that some of our clones carrying B. subtilis TrmFO 

protein bore unwanted mutations. For instance, a R312G mutant isolated after cloning was 

found to be defective in tRNA methylation, with an activity corresponding only to 40% that of 

the wild type enzyme (Fig 5). This result may partially explain the low in vitro activity of B. 

subtilis Nt-TrmFO reported by [10]. Indeed, in the crystal structure of T. thermophilus 

TrmFO, Arg319 (equivalent to Arg312 in B. subtilis) lies near the folate-binding site of the 

protein (Fig. 1C). Its main chain carbonyl oxygen is hydrogen bonded to the amino group of 

the folate pteridin ring and is located 4.7 Å away from the C8 methyl group of the FAD 

cofactor. Therefore, the R312G mutation in B. subtilis Nt-TrmFO may actually diminish the 

affinity of the protein for the folate cofactor and thereby decrease the methylation activity. 

This suggests that overexpression of a functionally active B. subtilis TrmFO in E. coli cells 

may inhibit cell growth, thus resulting in isolation of inactivating mutations. As earlier studies 

pointed out a likely high affinity of TrmFO enzymes for folate, our data suggest strain 

adaptability to the sequestration of the folate pool present in the cell by the overexpressed 

enzyme. This observation explains why we carefully optimized the induction protocol for the 

purification of B. subtilis TrmFO and prompted us to regularly control the trmFO gene by 

DNA sequencing. 

Purification method 

Since the TrmFO protein contains a flavin prosthetic group, a visible chromophore, elution of 

the protein during the different chromatographic steps was recorded by following the 

absorbance at 280 nm (protein) and at 450 nm (FAD cofactor).  

The Qiagen Ni-NTA protein purification system is based on the remarkable selectivity of 

Ni
2+

-NTA (nickel-nitrilotriacetic acid) resin for proteins containing a surface-exposed affinity 

tag of six consecutive histidine residues. After one step of chromatography on a (Ni
2+

-NTA) 
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agarose affinity column, the Nt- and Ct-TrmFO recombinant proteins were purified to near 

homogeneity (Fig. 2A & B, lanes 4). This degree of purity is sufficient for the biochemical 

and biophysical characterization of the protein. A further purification step on a size-exclusion 

chromatography column was achieved for the crystallization trials.  

The untagged TrmFO protein was purified in three steps consisting of anion exchange, 

heparin affinity and size-exclusion chromatography. The theoretical isoelectric point of 

untagged TrmFO is 5.83. Diethylaminoethyl- (DEAE) is a weak anion exchanger. At pH 8, 

untagged TrmFO is negatively charged and well retained on the column since it eluted at 

around 0.5 M NaCl (Fig. 3A). Several contaminants co-eluted with TrmFO from the DEAE 

Sepharose column (Fig. 2C, lane 3), necessitating other purification steps.  

Heparin chromatography is an adsorption chromatography, in which a wide range of 

biomolecules, including DNA or RNA binding enzymes [21-23], can be specifically and 

reversibly adsorbed by heparins immobilized on an insoluble support. Heparins are negatively 

charged polydispersed linear polysaccharides so that heparin chromatography is not only an 

affinity but also an ion exchange chromatography. In the case of TrmFO, the heparin 

chromatography step was very effective as shown in Fig. 3B & 2C, lane 4. TrmFO eluted at 

around 0.4 M NaCl and was well separated from contaminant proteins that eluted much 

earlier. 

Gel filtration was used as a final step of purification for each TrmFO protein. As shown in 

Fig. 4, this technique is well suited for the separation of soluble TrmFO from aggregates. 

Interestingly, we observed that the untagged TrmFO had a higher tendency to form aggregates 

than the tagged proteins.  After separation of untagged TrmFO from aggregates, the main 

peak, when reinjected on the gel filtration column, was found to be homogeneous. This result 

suggests that the soluble TrmFO is not in equilibrium with the aggregate state. The protein 

yield is 7% (Table 1) and high quantities of purified TrmFO were obtained: 25.5, 12.5 and 

13.2 mg per 500 ml of culture for the Nt-, Ct- and untagged TrmFO, respectively. The flavin 

content of non-covalently bound FAD in the three purified proteins was 40%. Thus, the tag 

did not significantly prevent the incorporation of the flavin cofactor during protein synthesis 

in E. coli. 

To improve the yield of the holoenzyme, we attempted to add free FAD to a freshly purified 

sample of TrmFO. Basically, the protein was incubated with 5 to 10 equivalent of FAD for 1 

hour at 4°C at different pH (from 8 to 11)[24]. Unfortunately, only a limited range of pH 

could be investigated since rapid and irreversible aggregation of the enzyme occurred at low 

pHs. The excess of free flavin was separated from the holoprotein on a PD-10 column and the 
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flavin content was measured. This classical flavin reconstituting procedure did not increase 

the flavin content. Several other attempts to reconstitute the holoenzyme led to a decrease of 

the tRNA methylation activity.  

Secondary structure analysis by CD spectroscopy 

CD is a widely used technique to estimate the secondary structure of proteins and to determine 

whether a protein is correctly folded or not. The far-ultraviolet CD spectrum (180–250 nm) of 

TrmFO displayed negative bands at 207 and 222 nm, which is typical of a protein containing a 

high fraction of alpha helices (Fig. S4). The spectra of the three forms of TrmFO are highly 

similar (data not shown). Analysis of the CD data indicates that the secondary structure of 

TrmFO is composed of 41% -helices and 13% of -sheets. This content agrees with that 

calculated for the T. thermophilus structure [12], which indicates that all the TrmFO proteins 

isolated during this work are correctly folded.  

Determination of the molecular mass of recombinant TrmFO by gel filtration 

Native molecular mass of the different TrmFO proteins was determined by gel filtration on a 

Superdex 200 HR 10/30 column (Table 1B, Fig. S5). The apparent molecular mass of the His-

tagged proteins (47.9 and 47.7 kDa) corresponds well to the monomeric form of the protein 

(theoretical mass of 49.5 and 49.2, including His6-tag). Yet, the apparent molecular mass of 

the untagged protein (33.6 kDa) is 14.8 kDa lower than expected for a monomeric protein 

(theoretical mass=48.1 kDa). The untagged TrmFO proteins from T. thermophilus and T. 

maritima elute from a Superdex 200 column as monomers, with a molecular weight of 29 kDa 

(theoretical mass=48.9 kDa) and 42 kDa (theoretical mass=49.7 kDa), respectively [11, 12]. 

The apparent molecular mass of untagged TrmFO from T. thermophilus is similar to that of 

untagged TrmFO from B. subtilis. In size-exclusion chromatography, proteins are separated 

according to their molecular size in solution, or more precisely to their hydrodynamic volume. 

Thus, with the same molecular mass, a non-globular protein will elute earlier than a globular 

protein. The shape of TrmFO from T. thermophilus protein appears globular (Fig. 1B) and the 

protein shares high sequence similarity with B. subtilis TrmFO. The strange behavior of the 

untagged TrmFO proteins on Superdex 200 gel filtration column could result from the 

existence of an extended conformation due to flexibility of the two domains relative to each 

other (Fig. 1A). In contrast, the histidine tag appears to stabilize the globular three-dimension 

structure of TrmFO in solution since the tagged proteins behave normally on gel filtration.  

Enzymatic activity 

Oxidative half reaction 
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Like many other flavoenzymes, TrmFO can function as an NADH oxidase, consuming 

molecular oxygen and producing NAD
+
 and H2O2. As shown in Fig. S2, B. subtilis TrmFO 

oxidizes NADH rather than NADPH, the latter being used by the T. thermophilus enzyme 

[12]. The Km for NADH is 5 M and the kcat is 0.22 min
-1

. Thus, it is likely that NADH gives 

a hydride to the FAD of B. subtilis TrmFO to form FADH2. The preferential binding of 

NADH to TrmFO was also confirmed by isothermal titration calorimetry (data not shown). 

Interestingly, NADH is also used as the electron source to reduce FAD in the structurally 

close tRNA modifying GidA enzymes [13].  

Methylation activity  

All expressed enzymes display similar tRNA methylation activities (Fig. 5). In our activity 

test, in which an excess of enzyme over tRNA substrate is used, ~ 1 mol of m
5
U per tRNA 

was formed in 30 min. Previous enzyme activity measurements in the same conditions yielded 

only 0.4 mol of m
5
U per tRNA [10]. This result emphasizes that the location of the tag does 

not impair the function of TrmFO. 

 

Conclusions 

We have successfully cloned, optimized the expression and purified three constructs of 

TrmFO. More than 10 mg of pure protein was produced per 0.5 L of culture for each TrmFO 

form. The presence and the location of the histidine tag did not alter the yield of soluble 

protein produced, the overall folding, and the tRNA methylation activity of the protein. 

However, in the absence of the tag, an extended conformation of TrmFO appears to be 

stabilized in solution. 
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Table 1A. Purification of TrmFO from 500 mL of E. coli culture. 

 

  

Protein Purification step Total protein 

(mg)
1
 

TrmFO
2
 (mg) 

Nt-TrmFO Ni-NTA 61 34 

 Superdex S200 51 25.5 

Ct-TrmFO Ni-NTA 46 22 

 Superdex S200 27 12.5 

Untagged-TrmFO DEAE Sepharose 131.8 94 

 Heparin Sepharose 49.5 32 

 Superdex S200 33 13.2 

 
 

1 
determined by the Bradford assay.

 

2
 based on the flavin absorbance (does not take into account the apoprotein). 

 

 

 

  Table 1B. Hydrodynamic parameters of tagged and untagged TrmFO determined by size-

exclusion chromatography on a Superdex 200 HR 10/30 column. 

                                             

 

 Untagged TrmFO Nt-TrmFO Ct-TrmFO 

Elution volume (mL) 15.66 15.04 15.01 

KAV 0.472 0.427 0.425 

Mtheoretical (kDa) 48.12 49.46 49.18 

Mexperimental (kDa) 33.57 47.86 47.72 
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Figure legends 

 

Fig. 1 A Enzymatic reaction catalyzed by TrmFO (MTHF: 5,10-methylenetetrahydrofolate; 

THF: tetrahydrofolate; FAD: flavin adenine dinucleotide). B Stereoview of the structure of 

TrmFO from T. thermophilus (PDB code 3G5R) showing the two domains architecture of the 

protein. The flavin domain is shown in purple and the insertion domain in red. The FAD 

cofactor is in yellow, tetrahydrofolate in green, the N and C-terminal regions in green and 

cyan, respectively.   

C Stereoview showing details of the folate-binding site and the location of Arg319 in pink.  

  

 

Fig. 2 Purification of TrmFO analyzed by SDS PAGE (10%). (A) Nt-TrmFO and (B) Ct-

TrmFO. Lane 1: total protein before cell disruption. Lane 2: crude cell extract. Lane 3: 

unbound protein fraction after Ni-NTA column. Lane 4: eluted protein fraction after Ni-NTA 

column. (C) untagged TrmFO. Lane 1: total protein before cell disruption. Lane 2: crude cell 

extract. Lane 3: eluted protein fraction after the DEAE Sepharose column. Lane 4: eluted 

protein fraction after the heparin Sepharose column. Lane 5: eluted protein fraction after the 

gel filtration column.  

 

Fig. 3 

Purification of untagged TrmFO. 

A HiTrap DEAE Sepharose chromatography. The four peaks at the beginning of the 

chromatogram represent different injections of the sample. The SDS PAGE done on the 

fractions, which were not retained on the column, indicates that they do not contain TrmFO. 

B HiTrap heparin Sepharose chromatography 

Elution of TrmFO was recorded by following the absorbance at 280 nm (—) and 450 nm (- - -

).  

 

Fig. 4 

Purification of recombinant TrmFO by size-exclusion chromatography on a Superdex 200 HR 

10/30 column. (A) and (B) are the elution profiles after affinity Ni-NTA chromatography of 

the Nt- and Ct-TrmFO proteins, respectively. (C) Elution profile after the heparin Sepharose 

column of untagged TrmFO. The absorbance was followed at 280 nm (—) and 450 nm (- - -, 

3-fold magnification). The insets are Coomassie blue stained SDS-PAGE (10 %) of the 

collected fractions for each TrmFO form.  

 

Fig. 5 

tRNA m
5
U MTase activity. E. coli [-

32
P]UTP-labeled tRNA

Ala1
 transcript was incubated 

with methylenetetrahydrofolate, NADH in the absence (A) or presence (B) of TrmFO, as 

described in Material and Methods. After incubation, the tRNA transcript was digested by 

nuclease P1, and the resulting nucleotides were analyzed by two-dimensional TLC on 

cellulose plates and autoradiography. (C) The activity of the R312G mutant, tagged and 

untagged proteins was quantified by measuring the relative amount of radioactivity in the 

spots corresponding to pm
5
U and pU, taking into account the total number of uridines in the 

tRNA molecule. The error bar corresponds to the average of at least three distinct 

experiments.  
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Supplementary data 
 
Supplementary Table 
 
Table S1: Oligonucleotides used for cloning of the TrmFO gene 
 
 
Name Sequence (5’ to 3’) 

SK20 CGGGATCCatgaaccaacaaacagtgaatgta 

SK21 TCCCCCGGGctatattgttttcgaaattgtttg 

SK76 CATGCCATGGGCaaccaacaaacagtgaat 

SK77 CCGCTCGAGtattgttttcgaaattgt 

SK78 CCGCTCGAGctatattgttttcgaaattgt 

The sequence in small characters corresponds to the genomic sequence 
 
 
 
Supplementary Figures 
 
Fig. S1: Structure of the expression plasmids. A pHM408 (Nt-TrmFO). B pHM440 (Ct-
TrmFO). C pHM441 (untagged TrmFO). 
 
Fig. S2: Expression of soluble Ct-TrmFO at different IPTG concentrations (0.05, 0.5 and 1 
mM) and different incubation length before induction (OD600=1, column 1; OD600=2, column 
2). Analysis was done on a 10% SDS PAGE gel stained by Coomassie blue. The arrow 
indicates the mass corresponding to the TrmFO protein. Top: Total protein after cell 
disruption. Bottom: Total protein from soluble fraction after cell disruption.  
 
Fig. S3: Far-UV CD spectrum of Nt-TrmFO. The spectra of the Ct-TrmFO and untagged 
TrmFO are similar. 
 
Fig. S4: Determination of the molecular weight of the various TrmFO proteins 
The Superdex 200 HR 10/30 column was calibrated with a standard mixture of proteins. From 
the elution volume of each protein Ve, the elution volume parameter KAV = (Ve-V0)/(Vt-V0) 
was determined, with Vt, the total column volume and V0, the void volume.  KAV is a linear 
function of the logarithm of the molecular weight (MM).  
 
Fig. S5: Steady-state NAD(P)H oxidase activity of TrmFO. The reactions, carried out 
aerobically in the presence of the indicated concentrations of NAD(P)H, were initiated by the 
addition of 1 µM TrmFO. 
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